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MODEL SENSOR FOR PROJECT ZIP

1.0 INTRODUCTION

This report presents the mechanical desiqn and results of an engineering
analysis performed by Wentworth Institute on the component parts for the cryo-
genically cooled Model Sensor -- the subject of this report. It also concludes
the preliminary design phase and will serve as a reference source in the final
design and construction of a rocket-borne cryogenically cooled infrared sensino
instrumen t, designated by Air Force Geophysics Laboratory as ZIP Sensor
(Zodiacal Infrared Project).

The Model Sensor is comprised of a flight-qualified liqui d hel ium dewar
assembly and component parts . The component parts are defined as the vacuum
vessel , cover plates , telescope mass mock—up , radiation shield , and low tempera-
ture supporting devi ces. It is al so the aim here to define the configuration
and interface control specifications for the liquid helium dewar (see figure 19)
and the telescope base mounting flange (see figure 20).

It is the intent that the assembly of the component parts be used as an
apparatus for the acceptance tests of the dewar ’ s performance, which include a
vibration test -- to eva l uate its structural integrity; and a low temperature
test -- to measure the dewar’s hold time performance.

The Model Sensor, fabricated by Wentworth Institute is a prelude to a
primary goal -- the fabrication and assembly of component parts for two (2)
rocket—borne ZIP Sensor assemblies , each scheduled for separate launchin gs.
Woomera , South Australia is the selected launch site.

2.0 PRELIMINARY DESIGN PHASE REQUIREMENTS

In the early conception of this project, meetings were scheduled at
AFGL for the purpose of establishina requirements . The fol l owinq requirements
were transcribed from those meetinas and represent the essential requisites for
this phase.

2.1 Design Phase Objectives

This part represents the goals toward which the engineering efforts
were directed in satisfyina the requirements.

2.1.1 Model Sensor Layout -- To provide a proposed desi gn l ayout
drawing delineating the major supporting components of the Model Sensor
givina consideration to simplicity regarding the components ’ access ,
assembly and disassembly feasibility . To determine its total weight ,
longitudinal center of gravity and mass moment of inertia about the
longitudinal center of gravity .



The specifications that governed the design boundaries for
this phase were as follows -- The body di ame te rwa s not to exceed 11
inches. The total length was to include an °stimated 9 liter capacity
liquid hel i um (LHe) dewar and 25 inch long telescope structure mounted
to the dewar ’s coidworking surface . Its weight was not to exceed 100
pounds and all mechanical joints had to be designed to withstand a load-
ing condition of 100 “g ’ s” at both ambient and cryogenic temperatures ,
in both the latera l and lonaitudinal directions.

2.1 .2 Vacuum Vessel -- To design a vacuum vessel capable of safely
holding and maintainir ia a vacuum of lO~~ torr for seven hours wi th  a
lea k rate no t to excee d one or der of ma gn it ude for tha t duration . To
p rov ide structural  rein forcement and moun t in g a ttachments for the out-
s id e of the vessel , at the system ’s long itudinal center of gravity , for
the pur pose of a imba li n g the sensor .

2.1.3 Telescope Mass Mock-up -- To design a telescope mass mock-up
structu re , base moun ted at one end and supported at the other with
flex ibility in it to accommodate thermal contraction . To determine
and document the specifications of the telescoDe structure ’ s mount ina
base i n regar ds to feature s i ze , met hod of attachmen t an d surface f in i sh
requirements.

The design control specifications for this phase were as follows
-- The body di amete r was not to excee d eig h t i nches , its length , 25 inches ;
and the total we ight was not to excee d 20 pounds .

2.1.4 Liquid Helium (LHe) Dewar -- To determine the dewar ’s confi g-
urat ion and prepare the documentation for the specifications of the
feature s i ze , at tachment methods an d d imension control re qu i rements .

2.1.5 Radiation Shield -- To design a radiation shield to shield
the telesco pe structure from the outer vessel ’ s inner wall. It was
specified that the shield be base mounted at one end and supported at
the other with adequate flexibi lity to accommmodate therma l contraction
in the meta l .

Design Speci fications -- For the purpose of heat transfer calcu-
la t ions , the temperature of the shield was assumed to operate between
50° to 77° K at a steady sta te temperature .

2.1.6 Low-Temp Insulating Support Devices -- To design insulating
support devices as required for both front ends of the telescope structure
and radiation shield , res pect i vely .

-2- 
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3.0 PHYSICAL DESCRIPTION

Th is section presents a genera l explanation of the ModE’l Sensor and
its component parts. They are pictorially illustrated in figures 1 through
17 inclusive.

3.1 Model Sensor

Fi gures 1 , 2 and 3 illustrate the assembly of the Model Sensor.
Its cylindri cal confi guration is simply an aluminum vacuum vessel with
flat end closures . The front end closure , shown in f igure 1 , is a de-
mountable thick plate sealed and ti ghtly secured to the vessel . The
fli ght sensor version of the front cover will , however , have an objective
function in the assembly. The front end of the sensor requi res a re-
movable cover , which seals an aperture through which the telescope views.
The cover is retained to the vessel by one atmosphere of pressure ac t in o
on it. A lab jack mechanism attached to the face of the cover will
remove it durin g fli ght.

The rea r end clos u re of the Model Sensor , shown i n fi gure 2 , is
also a thick plate and is a Dart of the liquid helium (LFIe ) container.
Together they make up the dewar assembly, (see figures 5 and 6). The
rear end closure plate is the prima ry load carryina member in this system.
The rad ia t ion sh iel d , telescope, an d liquid helium container are all canti-
levere d from it .

The alum inum surface of the model is highly polished and thoroughly
cleane d to minimize radiation heat emission through the vessel ’s walls.

3.2 Vacuum Vessel

The vacuum vessel with end closures shown in figure 3 is the basic
housing for the system. It is assembled in two cylindri cal halves , sealed
and bolted together. The double flanged joint located just to the right
of the test lug shows this connection . An “O” -ring face seal gland is
provide d in the interface .

The thick flanges on each end of the vessel provide the rigidity
required for securing and maintaining a tight vacuum seal. A parallel ring
spaced to the left of the double fl anged joint in figure 3 gives added
reinforcement for two, opposite cross members bridgina the two rings . The
rin gs serve another purpose in the design , as they enhance the stability
of the cyl indrical  shel l .

A wedge-shaped socket is machined into the cross members , at the
gimbal axis , for sensor mountin g. A wedge-shaped plug (referred to as the
gimba l test lug in figure 3) is shown engaged and seated in the socket.
Both are securely bolted together.

The function of the vessel in the assembly is to maintain a vacuum
ti ght system around the telescope and dewar sub-assembly to insulate
against gas conduction .

-3 -
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3.3 Liquid Helium (LHe) Dewar

The dewar shown in figures 4, 5, and 6 was designed and built for
Project Zip Sensor by Cryogenics Associates , Indianapolis , Indiana. An
engineering drawing (see figure 19) titled “Interface Drawing ” provided
the design specifi cations. Paragraph 3.3 defines the sub-assemblies
delivered as part of the dewar.

The dewar is essentially the heart of the sensor’s system. The
hel i um stored in its container cools the cold plate directly by conduc-
tion (figure 6). The temperature of the cold plate (steady state condi-
tion) rSaches the temperature of the helium stored in the container , which
is at 6 K. This temperature results from the pressurization of the
liquid helium to 3 atmosphere , absolute , during wh ich th~ proces~ raisesthe critical boiling point of the liquid helium from 4.2 K to 6 K, the
operating temperature of the cold plate.

The dewar’s purpose in the fl i ght sensor assembly is to cool the
detector arrays and optics , which are mounted directly on the cold plate.
The detector is cooled by direct conduction of heat across the interface
to the helium heat sink. Requi rements of the detector assembly necessitate
a temperature limit of 60 K maximum .

The dewar is a sub-assembled unit constructed of multi pl e parts,
mostly aluminum. Several features of those parts are significant to the
basic assembly of the model ’s components . The followina is an explanation
of the parts. Some are referred to in figures 4 and 6.

3.3.1 Cold Plate

The cold plate (aluminum) is the front end of the liqui d
hel i um container (see figure 19). This surface is the interface for the
telescope structure and the focal plane detector. The surface is flat
and extrememly smooth to reduce thermal contact resistance (see figure 19
for detail specifications). Locking heli -coil inserts are installed into
threaded holes on the surface for mounting the telescope to it.

3.3.2 Support Ring

The aluminum support ring is the intermediate member of the
container ’s insulating support structure . Fiberglass cylinders on each
end of the support ring provide a thermal impedance path across the sup-
port. The fiberglass cylinder to the left of the support ring attaches
to the liquid hel i um container through an aluminum ring. This is illus-
trated in figure 19. The fiberglass cylinder to the right of the st~ port
ring attaches to the front side of the end cover , completing the i ~ula-ting support structure assembly.

The surface of the support ring is the interface for the for-
ward radiation shield. The surface is flat and extremely smooth for
good thermal conduction across the interface (see figure 19 for detail
specifications). Locking heli -coil inserts are installed into threaded
holes on the surface for mounting the radiation shield.

-6- 
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3.3.3 Rea r End Cover

The end cover (aluminum ) attaches to the thermal insulating
support structure and container assembly and thus , forms the dewar ’s
external cylindrical configuration (see figures 5 and 6).

The inner surface of the end cover is the interface for the
vacuum vessel. The surface is flat and extremely smooth for a tight
vacuum seal . (See figure 19 for detail speci fi cations). Clear , coun ter-
bored holes on the surface are for mounting it to the vessel.

A low temperature insulating support device is attached to the
cover at its center on the inside. This device supports the free end
of the container against l ateral forces and enables the container to con-
tract freely at cryogenic temperatures .

3.3.4 Aft Radiation Shield

An aluminum cylindrical shield , interposed between the insulatin g
support structure and inner container , serves as an interceptor to some
of the radiation that would otherwise be transmitted di rectly to the inner
container from the outer wall. The shield is hardmounted to the suppo rt
ring between the fiberglass tube extending to the ric,ht. A ‘ow tempera-
ture insulating support device , as in 3.3.3 supports the free end and
enables the shield to contract freely.

3.3.5 Vent Tube

Copper tubing is coiled around the radiation shield , forming
several coils. The tubing is attached to the shield. One end is connected
to the cryogenic container while the other passes through the end cover,
connecting to the valve plumbing (see figure 4). This serves as the vent
line for the system ’s boil-off gas.

The sensible heat of the vaporized liquid is used to intercept
the heat conducted to the container through the system ’s mechanical
supports. The vapor gas fl ow s through the vent tube , around the shiel d
and out to the surroundings , carrying wi th it the heat absorbed in the
system. This process is referred to as vapor shieldina , and its design
principle is utilized to maintain a constant temperature at the forward and
aft radiation shields .

3.3.6 MLI (Multi—laye r insulation)

Several l ayers of thin highly reflecting radiation shields are
wrapped around the dewar ’s cylindrical surface to reduce radiative heat
transport (see figures 5 and 6) from the vacuum vessel.

3.3.7 Vacuum Pump-out Valve

Air between the outer vessel and i nner container is evacuated
through a Cryolab ~SUI-88-lWl evacuation val ve.

-7-
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3.3.8 LHe Fill

The container is filled through the Cryogenic Associates ’
mini-female bayonet. The bayonet is a vacuum insulated unit , constructed
of stainless steel. The unit consists of an outer jacket and inner tube ,
concentri cally spaced. The inner tube extends into the vacuum space of
the dewar , is coiled , inserted into the container and sealed.

3.3.9 Vent Heater Connector

A heater installed near the exit of the vent line receives
its power through this connector. The vent gas is heated at the exi t
to ambient temperature to prevent frosting on the exterior surface.

The pressuri zation heater al so recei ves its power through
the connector. Heater strins are attached to the container for
pressurization . Through this devi ce , the liquid helium is pressurized
to three atmospheres absolute.

3.3.10 Tavco Pressure Relief Va l ve

The pressure relief valve is a safety devi ce that is open to
the inner container through the vent line. The valve limits the
pressure in the container to 45 PSI (3 atm).

3.3.11 Manua l Ball Valve

The container is vented through the ball val ve during the
helium fill process. The ball valve directs the vent flow from the
Tavco valve (normal vent) to the manual vent for fil l in i .

3.3.12 Burst Disc

The Burs t Disc is a safety device to prevent overpressurization
of the vacuum vessel in the event of a leak from the inner container into
the vacuum space and set to rupture at 60 PSI.

3.4 Forward Radiation Shield

The shield (figure 7) is constructed of alumi num, 1/ 16 inch thick
wall by 9 1/2 inches in d iameter by 30 5/8 inches long and is interoosed
between the walls of the vessel and telescope structure . It fastens to the
support ring at one end and is simply supported throuah an insulatina device
at the other (see fi gure 20).

The forward radiation shield is joined to -the radiation shield of
the dewar throuch the support ring and thus forms a shield , aas driven ,
around the systems inner assembly. The shield is expected to reach an
equilibri um temperature of 500 to 770 K. In the assembly, it will serve as

-10-
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an interceptor to some of the radiation flux that would otherwise ho
transmitted to the system ’ s inner assembly from the outer wall. Since
its equilibrium temperature is lower than that of the vessel ’s hot wall
(3000 K), it will radiate to the system ’s inner cold wall assembly (6° K )
wi th  less power than the hot wal l  woul d in its  ab sence .

3.5 Telescope Structure --  Mass Mock-up

The mass mock-up component is construc ted of aluminum , 1/4 inch
th ick wall by 8 inches diameter by 25 inches lona and weighs 20 pounds.
The structure fastens to the cold plate at one end and is simply supported
by the radiation shield through an insulatin a device at the other (see
figure 20, view A).

The mass mock—u p basically simulates the 20 poun d telescope assembly
for its mass effect reciarding the contribution and distribution it has on
the system ’s total weight , lon gitudinal center of gravity, mass moment of
inertia , joint loadin g and thermal interface resistance .

3.6 Low Temperature Insulating Support Ring

A low heat leak support devi ce is required to bridge the radiatio i
shield and the front end of the telescope Structure . The device shown in
figure 10 is employed for that application . The telescope nets its
support from the insulating support ring installed in the radiation shield ,
through the enqagement of pins extendin g from its surface . The pins sunport
onl y the latera l forces imposed on it. ~4 sli dino fit in the pin and telescope
en gagement allows for differential contraction between the radiation shield
and telesco pe structure . This is to ena ble  the two com ponents to con trac t
freely without stressinG the support device. For a cl earer Dicture of this ,
refer to figure 20, v i ew “A” .

The supporting ring is a non-homogeneous sub-assembly consistin a of
three (3) separate pieces of di fferent materials. To enhance the strength
of the assembly, the pieces are bonded together with an aerospace adhesive
referre d to as EA 934, a product of Dexter Corporation , Hysol Division .
Cal ifornia. The adhesive is applicable for temperature services down to
_4230 F. The sub—assembly is basically a sandwiched construction of an inner
ring and two outer ring reinforcements. The inner ring is ma de out of ~1-l 0fiberglass with four (4) equally spaced lobes on its diameter . The inner
fiberglass ring is the major element in the assembly because it has very low
thermal conducti vity. This property makes it an excellent material to use f~~r
thermal bridges in cryogenic systems . Othe r important aspects of the material
is that its strength increases as temperature decreases wi thout sacri1ice of
impact energy. The outer pieces are both made of type 304 stainless steel .
.018 inches thick. Their function is to reinforce the fiberglass niece
against induced thermal stresses and imposed forces. Close up views showina
the reinforcment of the fiberglass inner ring are illustrated in fiaures ~
and 9. Stainless steel is chosen for the outer rinas because of its lop..’
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temperature embrittl ement qualities to which othe r metals are subject and
also because its thermal conductivi ty is lower than that of most other
metals.

The concept of the lobes between the inner fiberglass piece and the
triangular shaped support p-i n is to minimize the heat path area.

3.7 Low Temperature Insulating Trunnion Supoort

A low heat leak support is required to bri dae the vessel ’s wa rm wa l l
(3C 0°K) and the front end of the shield (50° to 770 K). unl ike the support
device -in 3.6 , the shiel d is supported throuah four (4) typical mechanical
devices consisting mainly of a wire rope assembly and stacks of bellevi lle
sp ring wa shers , the principal parts of the assembly. The wi re rope , a
product of American Chain and Cable Company, Pennsyl vania , is 1/16 inch in
diameter , 7 X 7 strands and constructed of type 30~ stainless steel with a
double ball shank swaged on each end. The wire rope has a minimum breaking
stren g th of 480 pounds , (Ref. 1). The belleville spring washers ,
B-O625—O22S is a product of Associated Sprinq Corp, Connecticut . Their mater i a l
is type 302 stainless steel and has a height of .022 inches and a 105 pound
load at f l a t  posit ion , (Ref. 2). The washers are stacked two (2) in parallel
and four (4) in series. The trunnion support is shown assembled to a
qusseted upright member of the shield’ s cover. (See figures 12 & 13).

Anchorin g the double shank ball and wire rope assembly between the
shield and vessel through a stack of spring washers at one end and tension
adjusting screw at the other , provides flexibilit y in the support. The
support is assembled and adjusted until the rope is taut. (See figures 14 & 15).
The ball and socket assembly of the trunnion joint on each end , al lows the
wire rope assembly to swivel freely as the shield shortens from thermal
contraction . The wire rope is inclined approximately 5/32 inches to compen-
sate for this thermal condition. (See figure 19 , v i ew “A”) .

Contraction in the wi re rope assembly is caused by a thermal gradient
across its extremi ty. This is compensated for by the compression of the
belleville washers . A contraction of .003 inches was predicted in the wi re
rope assembly for a temperature change of 2330 K. A tension of 42.0 pounds
(Ref. 2) in the wire rope results from the displacement of belleville washers
caused by thermal contraction. The induced tension in the wi re rope represents
about 9 percent of the rope ’s breaking strength .

The heat contri buted to the system through the trunnion support is
largely dependent on the thermal resistances of the wi re rope and belleville
washers. From an analysis , it was found that the resistance of the bellev i l le
washer assembly represented 3½ percent of the wire rope ’s res i stance . Th i s
would indica te that the resistance of the be lleville washers is small compared
to the wire rope and , there fore , can be nealected. Wi th this hypothesis ,
the approximate heat leak throu gh the sup port can be assumed to be depen dent
on the wi re ropes resistance alone. From this , the total heat transmi tted
to the shield through the mechan ical support devices is predicted to be
approximately 278 milliwatts maximum. (See analysis in 5.8.3).
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F IGURE 12
FWD. R ADIATION SHIELD FRONT END COVER

WITH LOW TEMP INSULATING SUPPORTS.
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WASHERS

FIGURE 13

CLOSE UP OF THE LOW TEMP INSULATING SUPPORT.
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FIGURE 14
MODEL SENSOR — FRONT END COVER REMOVED

SHOWING ATTACHMENT OF LOW TEMP. INSULAT ING SUPPORTS

.1 ,

FIGURE 15
CLOSE UP V IEW SHOWING TH E LOW TEMP.

INSULATING SUPPORT D E V I C E  IN A S S E M B L Y
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3.8 Black Body Source Moun ti n g Structure

The device shown in figure 17 is a simple structure for mounting
the black body source. The purpose of the source is for calibrating the
detector ’ s sensitivit y. The structure consists of an al uminum deck , a
stainless steel (type 340) compression spring and assorted stainless steel
attachment hardward . The assembly is mounted to the front end cap (figure
16) which in turn is attached to the vessel ’s front cover (figure 11).

The deck of the mount ing structure rests on the front end of the
radiation shield and is held there by the pre-load in the sprinci . The
pre-load in the spring provides the energy required to obtain good thermal
conduction across the deck and shield interface . The coiled spring con-
tr ibutes a heat leak of a pp rox imatel y 40 m i l l i w a t t s  to the sh i eld . It
should be noted that the combination of material selection and actual spring
len gth aids in minimizin g the heat path losses.

4.0 ASSEMBLY PROCEDURE

A major consi derat i on i n the Mo del Sensor ’ s des ig n was th e at tent ion
gi ven to s impl i cit y regardin g the com ponents ’ access , assembly and disassembly
feasibility . The method of assembly presented in this section was the pro-
cedure used in the initial assembly phase and represented the best practical
approach.

The dewar (figures 5 and 6) is seated on an assembly stool and estab-
lishes the bas ic foundation for the build-up of the model . The rear end plate
is seate d on the stool ’ s to p r i na and locates the cold p la te , support n o n
and rear end plate in an up-right position. The model is now ready to be
assembled . The telescope structure is assembled to the cold plate and secured
to it with twenty-four (24) type 304 stainles s steel #lO-24UNC unbrako socket
head cap screws tightened to a torque of 40 to 45 in-lbs. Typical key slots
in each member are oriented 1800 apart from each other for alignment.

The radiation shield (figure 7) is the next item to be assembled. The
shield is installed over the telescope structure and is seated on the inter-
mediate rina of the dewa r , refe r red to in fi gure 6 as the su pport r ino . Typi-
cal key slots in each part are oriented 1800 apart from each other for align-
ment . They are fastened together with twelve (12) type 304 stainless steel - 

-

#8-32UNC unbrako socket head cap screws tightened to a torque of 28-30 in-lbs.

The low temperature insulatin g support ring (figure 10) is assembled to
the forward end of the shield and simultaneously sl ides freely into the tele-
scope Structure . Because of the close fit between the shield and support ring,
a slight pressure is required in the installation of them.

Two cyl inder lengths are sealed together through a flanged joint and
form the vacuum vessel . A #2-276 buty l “0 -Ring is greased with ~ll Dow Com m a
Silicon Compound and installed into the groove of the flanoed joint interface .
The halves are dowel pinned together for alignment and joined with twenty-four
(24) allo y steel , cadmium- plated #lO-32UNF unbrako socket head cap screws
ti ghtened to a torque of 50 to 57 in-lbs. The vacuum vessel (figure 3)
is now ready to be assembled to the dewar. 
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FIGURE 16

FRONT END CAP
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FIGURE 17

BL ACKBODY SOURCE MTG. STRUCTURE
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An “0 —rin g (#2—276 , butyl ) is greased and installed into the groove
on the af t  face en d of the vessel . The vessel is care fu l l y  guided over the
radiation shield and seated on the rear cover plate . Alignment is obtained
by the engagenient of dowel pins installed in the cover plate. The joint is
bolted together wi th twenty-four (24) alloy steel , cadmi um-plated flO-32UNF
unbrako socket head cap screws tightened to a torque of 50 to 57 in-lbs.

The radiation shield cover and trunnion supports (figure 12) can now
be assembled to the shiel d. The cover is aligned by positioning the eccentric
hole in the cover 900 from the gimba l axis and directly opposite the cryogen
service hardware . Twelve (12) type 304 stainless steel #6-32UNC unbrako
socket head cap screws are tightened to a torque of 15-18 in-lbs.

The insulating trunnion supports are now ready for mounting to the ves-
sel . The attaching hardware (figure 13) should be directly in line with
cavities in the vessel . The attaching plates , referred to in the desi gn as
nut plates , are inserted into the cavities and fastened (figures 14 and 15).
After al l owi ng slack in the cable , install two (2) each type 304 stainless
steel #8-32UNC unbrako socket head cap screws and tighten to a torque of 28-30
in-lbs . The trunnion support is now adjusted until the cable is taut.

The front end cover (figure 11) is attached to the forward end of the
vessel , enclos ing the inner unit. An “0 -ring (#2-276 , butyl ) is greased and
i n s t a l l ed  in the interface . The eccen tr i c hole i n the front cover is a l i qne d
over the eccentr ic hole in the shield ’ s cover. The assembly is fastened to-
gether with twenty-four (24) alloy steel , cadmi um-plated #l0-32UNF unbrako
socket head cap screws tightened to a torque of 50 to 57 in-lbs .

The front end cap (figure 16) and the black body source mounting struc-
ture (figure 17) are attached and make up the final unit to be assembled to
the model . An “O” -ring (#2-252 , bu ty l )  is greased an d ins ta l l e d into the
groove on the end cap. The deck of the black body structure is inserted through
the offset  hole i n the front cove r an d seated on the radia ti on sh i el d cover .
The cap is fastened to the front coven with twelve (12) alloy steel , cadmium-
plated #l0_32UNF unbrako socket head cap screws tightened to a torque of
50—57 in—lbs.

5.0 MECHANICAL DESIGN ANALYSIS

In itally, i n the preliminary des ign phase , it was necessary to depend
u pon ex per i ence , desi gn judgement an d information from others , to properly
proportion and construct the Model Sensor. This section presents the compu-
ta tions an d resul ts  of the desi gn anal ys i s t h a t fol lowed the p rel im inar y phase
and deals with particular areas that were of concern . These particular areas
are d iscussed - i n the desi gn requ i rements , section 2.0, and rep resent the bas i c
goals in the design (see figure 20).
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ITEM DESCRIPTION w d (w )(d )

I Vessel Fron t End Cover Plate 4.7 42.12 197.96

2 End Cap 1.7 42.88 72.90

3 Vac uum Vessel 24.5 21.00 515.00

4 Fwd. Radiation Shiel rl 5.6 26.00 145.60

5 Fwd. Radiation Shield End Cover 0.6 40.75 24.45

6 Telesco pe Structure , Mass Mock-un 20.0 27.25 545.00

7 Focal Plane Detector (FPA) 0.3 15.88 4.76

8 Telescope Insulatin g Support Rina 0.5 40.25 20.12

9 Black Body Mountina Structure 0.3 41 .88 13.82

$0 Vessel Rear End Cove r Pla te 5.7 0.25 1.42

II Liquid Helim Container , Filled 7.0 9.50 85.50

$2 Dewar Insulating Support Stanchion 6.0 8.50 51.00

13 Cryogenic Hardware 2.5 (-)  2.00 (-~ 5.00

14 On Sensor Electronics 4.0 (-) 2.00 (- )  8.00

TOTAL 83.4 - 1664

TABLE I.

WEIGHT AND CENTER OF GRAVITY -  COMPUTATION RESULT S
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5.1 System ’ s Wei g ht and Lonaitudinal Center of Gravity

The Model Sensor is a compos ite system of indi v i dual distr ibuted
bod i es . A descr ip t i on of them i s g iven in Tab le 1 w i th the computed
resul t s of the ir we ig hts , di stances from the i r  mass centers wi th  res pect
to the back of the vessel ’s rear cover , an d momen ts. These resul ts  are
approximate and are based on the assumption that the bodies are homoge-
neous .

The z coor di na te loca tes the center of gravi t y on the lon gi tud i nal
axis with respect to the back of the vessel’ s rear cover and is calculated
us ing the summ ati on of the results i n Table 1. From the equation in
Chapter V I I  of reference 3, the l ocation of the center of gravity is

- ~~wd 
1664

z = —------- = — = 19.952 inches
~~ 83.4

w

where w = we i ght of individual bodies , l bs.

d = perpendi cular di stance from the mass center of the
individua l bodies to the back of the vessel ’ s rea r
cover , inches

The center of gravity of the system was positioned at 19.81 2 inches
for manufacturin g convenience .

5.2 System ’ s Mass Moment of Inertia

T he fol low i ng me thod was emp loyed in determ in ino the system ’ s mass
moment of inertia. The mass moment of inertia is defined as the measure
of resistance to rotational acceleration. The computed results of the
system ’ s in di vidua l  bod ies an d the sum total of t he i r inert i as and p roducts
of the mass and square of the distances are recorded in Table 2. The comput-
at ions are approximate and based on the same assumption made in section 5.1.
The equations are given in Chapter VI II of reference 3.

The mass of the body (ni
1
) is given by

m = = = .012 lbs-sec
2
/in.

1 
~ 386

where w wei ght of body , 4.7 lbs from Table 1 , Item 1

g = acceleration due to gravity , 386 in /sec 2

The masses , m1 through m14 are typically computed and recorded in
Column 2 of Ta b le 2.

L ~~~~~~~~~~~~~~~~~~~~~~ 
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5.2.1 Item 1 - Vessel ’s Front End Cover

Size - 12 1/8” 0.0 x 6” 1.0 x 1/2” thick. The moment of
inertia (r 1) of the body wi th respect to a oarallel axis throuqh
the mass center is given by

1
1 

= l/4m(R
2 

+ r2 + L
2
/3) (3)

- 2 2 2 2
= l/4(.012)(6.06 + 3.0 + 0.5 /3) = 0.14 lb-in-sec

where

= mass of body , .012 lbs-sec2/in

R = outside radius , 6.06 inches

r = inside radius , 3.0 inches

L = Plate thicknes s , 0.5 inches

5.2.2 Item 2 - End Cap

Size - 6 1/2” 0.0. x 4” 1.0 x 1 1/8” thick. From
equation (3)

- 2 2 2 21
2 

= l/4(.004)(3.25 + 2 + 1.12 /3 ) = 0.015 lb-in-sec

5.2.3 Item 3 - Vacuum Vessel

Si ze — 11” 0.0. x 10 3/4” I.D x 41 3/8” long. From
equation (3).

1
3 

= l/4(.063)(5.5
2 

+ 5.38 2 
+ 41.38

2
/3) = 9.92 lb-in-sec 2

5.2.4 Item 4 - Fwd Radiation Shield

Size - 9 3/8” 0.0. x 9 1/4” 1.0. x 30 3/8” lona. From
equation (3).

-26-
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I = l/4(.014)(4.692 + 4 .622 
+ 30.382/3)

1
4 

= 1.234 lb-in-sec

5.2.5 Item 5 - Fwd Radiation Shield End Cover

S i z e  - 9 1/2” 0.0. x 4 1/2” I.D. x 1/8” thick. From
equation (3).

1
5 

= l/4(.OOl)(4.75
2 

+ 2.25 2 
+ .125 2/ 3)

1
5 

= 0.007 lb-in-sec 2

5.2 .6 Item 6 - Telesco pe Structure

Size — 8” 0.0. x 7 1/2” 1.0. x 25” long . From
equation (3).

16 
= l/4(.052)(4 2 

+ 3~75
2 

+ 25
2
/3) = 3.112 lb-in-sec 2

5.2.7 Item 7 - Focal Plane Detector

Size - 2” dia x 2” long. The detector was assumed to be
a homogeneous mass. For a soli d mass , the inertia is given by

17 = l/ 4mR2 
+ l/ l2mL 2 

(4)

1
7 

= l/4(.OOl)(l
2
) + l/12(.OOl)(2

2
) = 0.001 lb-in-sec 2

5.2 8 Telescope Insulatin g Support Ring

Size — 8 1/4” 0.0. x 7 3/4” 1.0. x 1/4” thick. From
equation (3).

-27- 
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- 2 2 2
= 1/ 4( . OOl ) (4 . l25 + 3.875 + .25 /3 )

1 = 0.008 lb-in-sec 2

5.2.9 Black Body Mounting Structure

Size - 1 1/2” 0.0. x 1 1/4” I.D. x 2” long. From
equation (3).

- 2 2 2 2
1
9 

= l/4(.OOl)(.75 + .62 + 2 /3) = 0.001 lb-in-sec

5.2.10 Vessel Rear End Cover

Size - 12 1/8” dia x 1/2” thick. For a solid plate the
iner t ia  is given by

1
10 

= l /4mR2 (~~)

= l/4 ( .0 l5)(6. 06)
2 

= 0.138 lb-in-sec
2

10

5.2.11 Li quid Hel i um Container

Size - 8” 0.0. x 7 3/4” I.D. x 11.5” long. From
equation (3).

- 2 2 2
Ill  

= 1/4( . 0 l8)(4 + 3.875 + 13.5 /3)

I
l 

= 0.340 lb-in-sec
2

5.2.12 Dewar Insulatin g Support Assembly

Size - 10” 0.0. x 9 3/4” 1.0. x 13 1/2” lonq. From
equation (3).

-28- 
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12 
= l/4(.015)(5

2 
+ 4.875

2 
+ 13.5

2
/3)

I = 0.411 lb-in-sec 2
12

5.2.13 Cryogenic Hardware

A homogeneous bar , 4” dia x 4” long was assumed. From
equation (4).

1
13 

= l/4(.006)(2
2
) + l/12(.006)(4

2
)

- 2
I = 0.014 lb—in—sec
13

5.2.14 Item 14 - On Sensor Electronics

A homogeneous rectangular parallelepiped , 4” wide x 4”
deep x 6” long. The inertia 

~
‘14~ 

is give n by

‘14 
= 1/12m(a2 + 

:

2) 

2 2 

(6)

1
14 

= l/l2(.Ol)(4 + 4 ) = 0.027 lb-in-sec

where

a = width , 4 inches

b = depth , 4 i nches

5.2 .15 Results

From the parall el axis theorem and the computed results of
the sum totals  i n Ta b le 2 , the mass moment of inertia (I) of the
model sensor with respect to the longitudinal center of gravity is
given by
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ITEM m d d 2 md 2

I 0.140 .012 22.31 497.74 5.97

2 0.015 .004 23.07 532.22 2.31

3 9.92 .063 1.19 1.42 
- 

0.09

4 1.234 .014 6.19 38.31 0.54

5 0.007 .001 20 .94 438.48 0 .44

6 3.112 .052 7.44 55 .35 2.88

7 0.001 .001 (-) 3.93 l5.~4 0.02

8 0.008 .001 20.44 417. 79 0.42

9 0.001 .001 22.07 487.00 0.49

10 0.138 .015 (-) l9.50 382.67 5.74

II 0.338 .018 (—) l O.3 l  106 .34 1.91

12 0.41 1 .015 (—) l l  .31 127.96 1.92

$3 0.014 .006 (-)2l.8l 475.76 2.85

$4 0.027 .010 (- )2 l .8 l  475.76 4.76

TOTA L 15.37 - - 30.34

TABLE 2.

MASS MOMENT OF INERTIA -COMPUTATION OF RESULT S
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= ~~ I +~~~md~ ( 7 )

I = 15.37 + 30 .34 45.71 lb-in-sec 2

where

I = sum of the moments of inertia of the individua l
bodies , 15.37 lb-in- sec 2

~~ md
2 

= sum of the p roducts of the mass of the i n di vi dual
bo di es an d the ~quare of the di stance ,
30 .34 lb - in-sec t

5.3 Vacuum Vessel Design

5.3.1 Vessel ’ s Thickness

The minimum col lapsing pressure (
~~~

) is aive n by the
fol lowing expression , according to the AS ME Code , referred to in
Reference 4 , p. 457:

p (4)(l.27)p = (5 ) ( lS)  = 75 psi (8)
c a

where Pa ~S the allowable pressure (15 psi). The constant 4 is the
required factor of safety , and the coefficient 1.27 is an out-of-
roundness factor , which allows for the fact that the shell may not
be exact ly  cy l i n dri cal .

The col lapsing pressure for a short cylinder subj ected to
an external pressure (Ref. 4, p. 457) is given by

5/2
= 2.42E (t/ D)

P —_ 
~~~~~~~-_ _~~~~~~ —5-—-— (q)

2 3/4 1 1/2
(1-v ) [ ( L/D ) -O.4 5 (-t /D)

The shell’ s thickness (t) is then dete rmined from the ex-
pressi on which is derived from enuation (9), wh i ch gi ves
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r ?3 /~ ‘2 /5
1 p (l—v ) (i/D)j

t = 0 C —I (10)
L 2.42E J

r 75(l~ .3342)
3/4

(4l .3l/ll ) 1 2/5
t = 11.0 I —_ I = 0.112 in.

L (2.42)(lO.3 x 106) J

A nominal size of 1/8 in. (0.125) was selected for the
thicknes s of the vessel ’s wall. Substitutin g the nominal thickness
into equation (9), the colla psing pressure is

6 5/2
(2.42)(lO.3 x 10 )(.125/ ll .0)

P
C 

= 
3/a- r 1/2’ 

= 101 psi
(l. -334 ) - 

[(4l.38/ll.0)-0.45(J25/ll.O) 
j

where

E = Youn g ’s modulus for aluminum 606l-T6, 10. 3 x 106

t = Thickness of shel l , .125 in.

O = Outs i de di ameter of shell , 11. 0 in.

v = Poisson ’ s ratio for aluminum , .334

L = Unsunported length of shell , 41.38 in.

5.3.2 Th i ckness of Flat  Heads /

The thicknes s (th) of the vessel ’s flat head end closures
which are bolted rigidly to the vessel ’ s fl an ges and subjected to a
un iform distributed external pressure (Ref. 5, p.449) is given by —

/ ( . 162) (75)
t = d J —  = lL687 I .470 in. (11)
h V Smax V 7,500
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where

K = Constant Coe ff i c ient for a
bolted head connection , 0.162

S
~ax = Max imum a l lowab le  stress for a lum i num , 6061.46

used in cryogenic vessel construction ,
7,500 psi.

d bolt  c i rcle di ameter , 11.687 in.
= collapsin g pressure , 75 psi

A nominal size of 1/2 in. (.500) was selected for the
head ’ s th i ckness.

5.3.3 Vacuum Hol d Time

Several various size B6l2-70 hutyl rubber 0—rings are used
in the vacuum vessel assembly. A face type seal is used with grooves
that provide 3ft squeeze. The 0-rings are lubricated with No.11
Dow Corn ing high vacuum grease to reduce leakage .

Bu tyl ru bbe r was the mater ia l  selecte d for the sea~s be-
cause i t has exce l len t  res i stance to gas pe rmeat ion , low ou tgassin g
character i st i cs and good resistance to com p ression set whi ch makes
it a par t cu l an l y useful  compound for vacuum a pp l icat ions .

The follow ing computations are performed to find the
approximate time (1) in hours for the pressure inside the vacuum
vessel to r i se from lO~~ torr to 10-4 torr due to a differentialpressure of one (1) atmosphere acting across the seals.

The leak rate (L) of the 0-ring seals is calculated from the
follow ing equation which is given in Reference 6, Sect i on A2.

L = O.7FDPQ(l-S)
2 

(l2~

where

F = permeability rate of bu~yl rubber , 0.2 x l0 8

std cc/sec/cm’Vcm at 75 F.

O = inside diameter of the 0-rings ,
(1) 11.0 in. diameter
(2) 5.25 in. diameter
(3) 1.625 in. diame ter

P = pressure differential across the seal , 15 Ps i

-33-
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Q = factor depending on percent of squeeze and whether
the 0-ring is lubricated or dry (from Ref.6, figure
A2-3), 0.72 lubri cated

S = Percent squeeze of the 0-ring expressed as a decima l
(30%), 0.3

Substituting the appropriate quanti ties in Equation (12),
the leak rates of each 0-ring seal is obtained as follows

L1= 3 [(.7)(.2x io 8)(ll)(l5)(.72)(l~.3)2]

1
1
= 24.5 x 10 cm /sec

r -8 2
L =  [(.7)(.2 x 10 )(5.25)(15)(.72)(l-.3)

-8 3L = 3.9 x 10 cm /sec

L
3
= [(.7)(.2 x io

8
)(1.625)(l5)(.72)(1~.3)2]

L3= 1.2 x 10 cm /sec

The total leak rate is given by

L
1

= L
1 + L

2 
+ L~3 

( 13 )

L
T 

= 24.5 + 3.9 + 1.2 = 29.6 x 10 cm3/sec

where

L = leak rate of the front, 1nt~rmediate and aft1 vessel seals , 24.5 x lO~~cm~/sec

12 
= leak rate of the front caç Leal , 3.9 x iü 8cm~isec

L = leak rate of the Vac-lon gauge seal , 1.2 x 10
8 

cm3/sec

In calculatin g the hold time , the vessel ’ s vo l ume of
free air expressed in liters and the conve rsion of the total
leak rate to torr-liter /sec. are needed.

- 34-

-- - - - -  ---5- -~~~~~~ - - - - - -.~~~-_~~~~~~~~ - —- --~~~~~~~~~~~~-—  ---- -5-—- 5--



- -

The total leak rate expressed in torr-lite r/sec is
ob ta i ned by

= (7.6 x lO ’)( L
Tcm

3/sec) (14)

L
T 

= (7.6 x 10 
l ) (  x 10

8
)

L
T 

= 225 x 10~~ torr-l ite r/sec

where the multiplying quantity , 7.6 x io
l re p resen ts t he conve rs i on

factor.

The volume of free air (Vf) i s the ne t dif ference between
the volume of the empty vessel and the volume of the sub-assembly
mounted on the aft cover , inside the container . It was found that
the vessel conta i ned 2 ,730 cu.in . of free air , expressed in liters is

v = 
2,730 

= 44.74 liters (15)
61.023

The rate of pressure change in unit time is exr ressed by the
following differential equation

d P T  (16)
dt Vf

from wh i ch

L
dp = dt ( l 7~

V
f
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Integrating Equation (17) the pressure is given by
1•

2
L (  I

P r -i Idt = —I (T - T  ) (18)
v J  V 2 1
f f
1
1

The change in ti me expression (T2 — 11) in Equation (18)
represents the time (T) for the pressure to chance . Rearranging the
terms in Equation (18) the time expressed in hours is given by

(V )(P)
T 

(3
~

6O O )( L
T
) 

(19)

Substitutin g the appropriate quantities in Equation (19) --
the time for the pressure (P) to rise from 10-5 to 10-4 torr in a
vessel having a volume (Vf) of 44.74 liters and a leakage rate (L1)

:~ of 225 x l0~~ torr-liter/sec is

(44 . 74)( l 0~~)I = 5. 5 hours
H (3,600)(225 x l0~~)

5.4 Static Loading - Bending Moments and Load Reactions

- This section presents a stat ic load anal ys is on the f lan ged jo in ts
and support devices of the vessel ’ s inner assemb ly and gives the app roxi-
mate results of ben ding moments and load reactions. The inner  assembly
is attached to the vessel ’s aft cover and consists of a radiation shield ,
telescope housing, dewar and severa l support ina devices. The solut ion to
the problem is simplified by assuming that the inner assembly is a
composite construction consisting of two independent bodies , su pported
within one another. With this assumptio n , each body can be treated as a
separate beam problem in solving for the load reac tions an d bendin g moments .
The bending moments and l oad reactions acting on the assembly are caused
by the combined loading of the bod ies ’ mass an d external  a pp l i ed forces .
Discussions and computations for the independent bodies are presented in
two separate case studies.

5. 4.1 Case 1 - Inner Assembly body

In this case, the assembly is treated as a body of weight
(Q1 ) coupled with an external applied eccentri c force (F) acting on the
face of the supporte d end. The eccentric force is due to the energy
stored in the compression spring of the black-body assembly (refer to
the free body dia gram in figure 21A). The problem is assumed to

-36-
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resemble the combination of the conditions gi ven in case 9, p .133
and Case 28 , p.152 of Reference 7.

The resul tant  load react i ons and ben di n g moments R 1 , R2,
M1 an d M2 are given by the following expressions

R
1 

= R
l 

+ R lb (20)

R = R  + R  (21)
2 2a ~‘b

M = M
ia 

+ M ( 22 )

M = M  + M  (23)
2 2a 2b

where Rla , R2a and Mla and M2 a represent the load reactions and bendin ci
moments due to the weight (01); and Rlb, R2b, Mlb and 

~
12b represent

the load reactions an d bending moments due to the eccentric force (F).

(Re f . 7 , Case 9, p.133)

2
Q b

= 
2 (2L + a) (24)a 2L

R = (40.5)(21.5)
2 
2(40.81 ) + 19.31

la (2)(4o .gl )

R = 13.9 lbsla

where

weight of body , 40.5 lbs

h = d i stance of mass to f i xe d en d , 21.5 in.

a = di s tance of mass to supported en d , 19.31 in.

I = unsu pported len gth , 40.81 in.
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The load reaction at the fixed end (R ) due to (Q ) is
given by 2a 1

R = Q  - R  (25)
2a 1 la

R = (40.5-13.9) = 26.6 lbs
2a

The bending moment at the fixed end (M la ) due to (Q 1) is
given by

Q a b
M = - --i.—— (L + a) (26)
la 21

2

M = - (40 .5)( l9 .3 l) (2 1.5)  (40.81 + 19.31 )
2(40.81)

2

M = -304 in .-lbs
la

The bending moment at the radiation shield joint (M ) due
to (Q

1 ) is given by 
2a

when x > a

M
2a 

= R1 X - Q1(x-a) (27)

M = ( 13 .9)(3 l .o6)-4 0 .5 (31 .06- l 9 .31 )
2a

M = -44.1 in. -lbs
2a

where

x = dis tance of rad iat ion sh ield j o i n t  from
supported end, 31.06 in.
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The loa d reaction at the supported end (Rib an d R2b ) due to(F) is given by the equation

(Ref. 7, Case 2~ , p.152 )

3M
-R = R  = - -_ (28)lb 2b 21

The moment (M) is given by the equation

M r  Ed (29)

Subst itutina Equation (29) ~or M in (28) gives

3Fd
-R = R = — —  (30 )lb 2b 2L

-R = P = 
(3)(32.s)(i.s) 

= 1.8 lbs
lb 2b (2)(4o.R l)

where

F = eccentric force , 32.5 lbs

d = eccentricit y , 1. 5 in.

L = unsupported length , 4fl.-R1 in.

The hend inq fl~~~ r1t -~ f the fj xed end (
~-~ ) due to (F) is

q iven by - -

Ed
= — - (31)

- 2

= - - - = —2 1 . -~ in . — lbs
lb

- ~~~~_ 
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The bending moment at the radiation shield joint (M ) due
to (F) is given by 2b

Fd
M
2 

= — (2L-3x ) (32)

(32.5)(l.5) r ~1M = I (2)(40.81)-(3)(31.06)I2b (2)(40.8l) L J

M = -6.9 in. -lbs
2b

from Equation (20)

R = R  + R
1 la lb

R = (13.9 — 1.8) = 12.1 lbs

from Equation (21)

R = R  + R
2 2a 2b

R
2 

= (26.6 + 1.8) = 28.4 lbs

from Equation (22)

M = M  + M
1 la lb

M = (-304-24.4) = -328 in. -lbs

-40-

-- -5- - - - -  - - - ~~~~~~~~~ ---- — -- -- -- -- -- - --- -5-- - --



-----5------ 5---- - - -- -- - - - - - - --5-

21.5 1.56 —.m....f
~ I—~~~~

—

14.25 .437 —.fJ 
~~~~~~~~~~~

/ 
_ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

/ 
_ _ _ _  _ _ _

/

_ _ _  _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _  _ _ _ _ _  
L50 

F

_

-- 

I T 
- -_  _

~~~~~~~ ~ .00 I
13.75— ~~~~~~ 27.06

I ~ 40 .81

FIGURE 21 A
R2 FREE BODY DIAGRAM R ,
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from Equation (23)

M = M
2 2a 2b

M
2 

= (-44.1—6.9) -51 in. —l bs

The results are plotte d on a shear diagram in figure 2lB
and a bending moment diagram in figure 2 1C.

5.4.2. Case 2 - Telesco pe Housing and Dewar Assembly

The body shown in figure 22A is supported at each end with -
in the inner assembly and is fi xed to it at the radiation shield sup-
port ring by a rigid support tube. It is assumed that a resultant
moment (M 0) due to the weight (02) and force (F) acts about theelastic center (EC), the point on the line which is shown passing
through the support ring. The computations of load reactions and
bending moments that follow are based on a manner of loadina similar to
Case 32, p .152 of Ref.7).

The resul tant moment (M0) is gi ven by the equation

M = M _ M (33)

- - -here (Ma) is the moment about the elastic center due to (Q2) and is
given by

M = (Q
2)(d2) (34)

and where (M) is the moment due to the eccentric force (F) and is
expressed by

M = (F)(d) (35)

substituting Equations (34 and 35) in Equation (33) gives

M = (Q )(d ) - (F)(d)
o 2 2
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from which

M = (29 .5 ) ( l l . 78 ) - (32 . 5 ) ( l . 5 )

M = 298.76 in.-lbs
0

wh ere

= weight of body, 29.5 lbs

d2 
= distance from the elastic center to the

weig ht of body, 11.78 in.

F = eccentric force, 23.5 lbs

d = eccentr icity, 1.5 in.

The load reactions and bending moments desi gnated by
R3, R4, ~ ax(+)’ Mmax( ) and M are gi ven by the following expres-
sions , (Case 32, p.156 of Ref . 7 ).

(36 )
L

M
-R = _ ° ( 37)
~ L

Mmax(+) = R4a + M0 (38)

Mmax( ) = R4a (39 )

M R x + M 0 (40)

The load reaction (R ) at the front end is given by
Equation (36 ) 3

M

~ I
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from which

298. 76
R = —~~~~~~~ — -  = 7.9 lbs

38

The load reaction (R ) at the aft end is given by
Equation (37 )

R
L

from which

298.76
P - ______ = -7.9 lbs
4 38

The maximum (posit ive ) bending moment (Mmax(+)) at the
support ring is given by Equation (3e)

Mmax(+) = R a  + M0

from whic h

Mma (+) = ( - 7 .9 ) (8 .5 )  + 298. 76

Mma (+) = 323 in. - lbs

The maximum (negative ) bendinci moment 
~ max( - )~ 

at the
support ring is given by Equation (39)

~1ax(-) 
= R4a

from which

M = (-7.9)(R .5) = -67 in. -lbsmax(-)
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The bendinq moment (M 4) at the telescope to dewar inter-
face is given by Equation (40) when x>a

M R x + M
4 0

from wh ich

M = ( - 7 . 9 ) ( 1 3 . 2 5 )  + 298.76
4

= 195 in. - lbs

where

x = distance from (R ) to the interface , 13.25 in.

a = distance from (R4
) to the Elastic Center , 8.5 in.

The bending moment (M 5 ) at the sunport tube to dewar inter-
~ace is also gi ven by Equation (40 )

when x = 1 2 . 7 5

M = ( - 7 .9 ) ( l 2 .75 )  + 298.76 198 in. - lbs
5

The resul ts are p lotted an d ind icate d on shear an d bend-
ing moment diagrams in figures 22B and 22C .

5.5 Distortion - Vessel ’ s Rear Vacuum Seal Joint

Th is section presents a method of calculatin ci the distortion in the
vacuum sealed joint. Distortion of seale d joints usually causes a non-
uni form pressure distribution ove r the seal which can cause leaka cie at points
whe re compression is too low for sealing. Joint distortion exists whenever
the metal to metal contact faces are not flat or parallel and the bolts
un dergo deformation other than that caused by norma l ti ghtening.

•1

The type of joint used in this app l icat ion is a face sea l joint which
consists of an 0-ring in the interface of a bolted cover and flange assembl y
t i 5 ! t  makes metal to metal contact. The joint is subjected to several load-

r i ~ con ditions which are assumed to be act in a on it simu ltaneously. The
~.- j i nq conditions are as follows:
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1) a uniform externrl load of 15 psi actinci over the
entire ~ irface of the cover ,

2) a uniform 0-ring pressure of 15 lbs/linear in.
(Ref. 6 , p.A 4— 8) acting on a concentri c circular
ring,

3) a b O g  longitudinal acceleration load acting on a
concentric circular ring, and

4) a central couple acting on the cover due to a b O g
lateral acceleration load.

The analysis that follows is based on the assumpti ons that:

1) the flange of the vessel is stable for each loading
condi tion , and

2) the distortion in the joint occurs from the cover
bowing and elongation in the bolts.

Calculations are performed for each manner of loading using equa-
tions from cases given in Table X of Ref. 8.

5.5.1 Loading Condition 1 - E x t e r n a l  P r e s s u r e

Determine the deflection (y 1~ 
at the 0-rina and tension in

the bolts (Fbl ) 
q

Assum ing a fi xed edge condition for the support of the cover
(Figure 23) and using the equations for case 6, Ref. 8 - the max im um
deflection (Ymax ) at the center of the cover for a un i form external
pressure over the entire surface is given by

~~~1 2 1 ~~3~1!a’ [( 1/vY- lj a

~
‘max 2 3l6~1~E(l/v) t

2 2 2
— 

(3) (15) (5 .375 )  [(11.334) -1] 5.375

~max 
- - 

(16)(bO.3 ~ bo
6)(l/o.334)2(o.5)

3

v = -.00162 in.max
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where

E = Youn g ’s modulus for 6061-T6 aluminum , 10.3 x 10~
v = Poisson ’ s ratio for aluminum , 0.334

a = inside radius of vessel , 5.375 in.

t = thickness  of cover , 0.5 in.

w = exte rnal  pressure , 15 psi

k
Ficiure 23 - Flanned joint ,

Un i form external pressure over entire surface
of cover

Ig,

Figure 24a - Flancied joint , Fioure 24h - Flanned joint ,
cover distortion due bowing due to

to bolt elongation external pressure
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Now , assuming that the clamped cover shown in Figure 23
is a flexible connection and not fixed as previously assumed , then
elongation in the bolts due to the unifo rm edge moment in the plate
from bowing can cause the cover to separate from the seal. This
condition is shown exaggerated in Figure 24a and 24b.

The problem is simplified by separating the cove r at
point “A” into two parts

1) a ring supported at the inner edge wi th a un i form
moment along the outer edge (Figure 24a)

2) a plate , unsupported , with a uniform edge moment
(Figure 24b).

Using the equations for Case 12 , Ref. 8, the maximum de-
flection of the unsupported plate shown in Figure 24b is expressed by

= - 
6 [(l/v)-iJ Ma2 

(42)max E(l /v )t 3

Rearranging the terms in Equation (42) and solv ing for the
moment (M) in terms of (y ) gives

max

E(l /v)  3
M = -  (y )(t ) (43)

6 [(l /v )_ 1)} a2 max

Substituting (Ymax ) from equation (41) into (43) and assuming
that they are equal gives

(10.3 x l0
6
)(l/0. 334) 3

M = - 
2 

(-0 .00l62)(O.5)
6 [(1/0.344)_li 5.375

M = 18 in. — lbs

Assuming the edge moment (M) in the plate and rina are equal and
the bolts are equally loaded , then the tension in the bolts (Fb i ) can
be calculated by

M 18 (44)
F = — = _____ = 38.5 lbs

bl d 0.46 8
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where

distance from point “A” to the bolt’ s center,
0 468 in .

The bolt elongation (y) is given by the formui-~

— 
Fbl L = 

(38.s)(.625) 
(45)— 

AE (.02o)(3o x 106)

-5y = 4 x 10 in .

where

L = len gth of bolt , 0.625 in.

E = Young ’ s modulus for stee l, 30 x 10

A = Cross Sect ional a rea f~r the threaded portion of a
#10-32 bolt , 0.020 in.~

Solvin g for 
~~~~ 

by similar triangles (Fig.24a) gives

(.2l2)(4 x b0~~) - -5
y = _______________ - 1.8 x 10 in.
ql .468

The amount of distortion in the cover at the 0-rin g seal due
to the vacuum in the container is 1.8 x l0~~ inches . The tension in
each bolt is 38.5 pounds.

5.5.2 Loading Condition 2 - 0-ring Compression

Determine the deflection (yq2 ) at the 0-ring and tension in
the bol ts (Fb2) for a un i form load of 15 lbs/linear in. acting on a
concentric circular ring of the cover (Fig. 25)

Assumin g a fi xed edge condition for the support of the cover and
using the equations for Case 8, Ref. 8, the deflect ion (y 

2~ 
in the

cover is given by

3’TV2r 0w [( l/ v )
2
_ l] 11 r 2 2 a

31q2 
= - -  

21~E(l/v)
2t3 [

~(l + _P-~ )(a 2
~r0

2 ) - 2r0 ln_ _ j (46)
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from wh ich

(3)( 2)( 5 .587 )( l5 )  [(11.334)
2_ b ]

q2 
(2)( lo.3 x l06)(l/.334)2(.5)3

111 + 
5.5872

) (5 8432 5 .5872) - 2 (5 .587) 2
ln~~~3l

L2 5.8432 5.587J

~q2 
= 0.065 x lci5 in.

where

E = Young ’s modulus for 6061-T6 al uminum, 10.3 x 106

v = Poisson ’s ratio for aluminum, 0.334

a = radius of bolt circle , 5.843 in.

mean radius of 0-ring and applied load , 5.587 in.

t = thickness of cover, 0.5 in.

w = unit loading, 15 lbs / linear in.

~~~~~~~

4±

Finure 25 - Flanged Joint ,
cover distortion due to 0-ring

compres si on 

_ _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~
_

~~~~~~~~~~~~~~~~~~ - -
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Assum ing the bolts are equally loaded by the compression
of the 0-rin g on the cover , then the tension in the bolts is

~ft2r0w (3.l4)(2)(5.587)(15)
Fb2 

= ______ = (47 )n 24

F = 22 lbs
b2

where

w = uni t  load 15 lbs /in .

r0 = mean radius of 0-ring, 5.587 in.

n = number of bolts , 24

The amount of distortion in the cover at the 0-ring seal
due to 0-ring compression is 0.065 x 10-5 inches and the bolt ten-
sion is 22 pounds

5.5 .3 Loadin g Condit ion 3 - Lon gi tud i nal Accelerat ion

Determine the deflection (Yq3) at the 0-ring and tension
in the bolts (Fb3) for an acceleration load of bOO ci ’ s ac ting on a
concentr ic circular ring of the cover (Fig.26).

Again , assumin g a fi xed edge condition for the support
of the cover. Using the equations for Case 8, Ref . 8, the deflection
(Yq3 ) in the cover is given by

r 2 1 r 2
= 

3W 
~~~~~~

lj I~i + _9_)(a2-r2)-(r2÷ 2 )1 a j ‘4~)q3 2 E(l /v) t3 L2 a2 rj

Solving for the accelerat ion load (W) acting on the cover

W = (w)(q ’s) = (40.5)(bOO) = 4,050 bbs (in)

-52- 
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where

w = weight of the inner assembly attached to the cover ,
40 .5 lbs

g ’s = acceleration force , 100 q ’s

Substitutin g (W) into Equation (48) the deflection is

= 
(3)(4,o5o)[(l/.334)

2
_1}

Yq3 (2)(3.l4)(lO .3 x b06)(l/.334)2(.5)3

11 5 .1562 2 2 2 2
1 ( 1  + -)(5.843 - 5.587 )-(5.587 + 5.156 )L2 5.843

2

5.843
ln

5 .587

—5
Yq3 

= 1.7 x 10 in.

where

r0 
= radius of applied load , 5.156 in.

r = mean radius of 0-ring, 5.587 in .

a = radius of bolt  circl e , 5,843 in .

t = thickness of cover , .5 in.

v = Poisson ’ s ratio for aluminum , .334 H

E = Youn g ’s modulus for 6061-T6 alumin um , 10.3 x 10

-53-
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Figure 26 - Flanged j oint ,
cover distortion due to vert ical

acceleration loa din g

Assumi ng the bolts are equally loaded , the tension in the
bolts (F

b3
) from (47) is

w 4,050
F = — = — = 169 lbs
b3 n 24

5.5.4 Loading Condition 4 - Centra l Couple

Determine the de fl ection (Y q& in the cove r of the 0-ring and
tension in the bolts (F h4) for an accelerat ion load of lOOgs acting
laterall y on -he inner assembly which is attached to the cover (Fia .27).

Assumin g a fi xed edge condition for the support of the cover,
as before and usin g Case 10 , Ref. 8, the angular deflection
of the cover (at the center) is given by the formula

M
9ma x ~~~ (50)

where fri = 33,900 in. -lbs is the approximate moment that is actino on
the cover and results from the product of the static moment (M 1=3 39)
from Fig. 2lC of this report and the b o g  acceleration load factor.
The fa ctor~~~represents a variable coefficient and depends upon the
rat io r0/a which is

--

~

- - - -.

~  

- - - -  
_



r 5.156
= _____ = 0.882

a 5.843

For the ratio of 0.882 the val ue of Q( is 314 minimum , which was
taken from the tables in Ref . 8, page 2b 6 . The other factors
E and t are Young ’s modulus and the cover thickness respectively,
and have the same values as in the previous calculations

Substituting the appropriate va l ues into Equation (50) gives

33 ,900 .
~~~~

9 = _____________________ = 8.4 x 10 radians
max (314)(10.3 x lo6

~~.5) 3

Converting to degrees , minutes and seconds

-5 -18 0
O 

= (8.4 x 10 )(_-_) = 0.0048
max

9 max = 00 0’ 17”

0

r IOO G~sM

F ig u re  2 7  - Flanged Joint ,
cover distortion due to trunnion loading
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By tr iangulation the angle is qiven by the formula

sin~~~~ = ~~~~~~~~~~~~~~~~~~~~~~~~ (51)
( a - r )

from which

5.156 sin 0.0048
sin 1 

0 
= - - — -  — = .03G

(~~ 
J~~fl-

1 . 1 56 )

Th~~ def lect ion in the ~ov e r  f h~ fl —ri n j (y ) is then aiv on by

( a - r ) ~~~~ (52)

n o r :  which

y = (5.fl43-5.5~7)tan 1.036°
q4

-5
y = 16 . 10 in.
q4

wh ere

a = radius of bolt c i rc le .  5 .843 in.

r = mean radius of 0-ring, 5 .587 in.

radius of applied load , 5.156 in.

The applied bolt load (F ) ,  given by the equation in Ref . 9,b4

M
F = (—)f (s~~b4 h a

-56-
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where

f = bolt factor, (Fig.2, Ref.9)

1) for 8 bolts , f = .75

2) for 12 bolts , f = .51

3) for 18 bolts , f = .32

4) for 24 bolts , f = .25

Substituting values into Equation (53) gives

F = ( 33
~
900

)(25) = 462 lbs
b4 5.8431r

By superposition the total deflection (Yq ) of the cover at
the 0-ring and the total applied load to the cover bolts are given
by the following expressions

Yq ~~~qn 
= 

~ql 
+ 

~q2 
+ Yq3 

+ Yq4 
(54)

from w h i c h

Yq = (1.8 + 0.065 + 1.7 + 16)bo~~

Yq 
= 0.0002 in.

and the total applied bolt load is

F
b 

=
~~~

F
b 

= Fbl + Fb2 + F
b3 

+ F
b4 

(55)

from wh ich

Fb 
= (38.5 + 22 + 169 + 42)

F
b 

= 692 lbs

-57—
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From this analysis , the tota l displacement of the cove r
at the seal and the maximum force imposed on the bolts was found to
be 0.0002 in. and 692 lbs respectively.

5.5.5 Resultant Bolt Tension and Compression of Members

24 L~l0_ 32 UNF x 5/8 in. long unbrako 1960 series socket
h~ ~t cap screws was selected for clamp ina the members . The material
of “le screws is a high grade cadmium-plated alloy s tee l .  The
~echanical properties and applicatio n data that follow were obtained
from Ref. 10 , page 9

tensile strength (S
u ) 

= 190 ,000 psi rain

yield strength (S
f
) = 170,000 psi mm

seating torque (T) = 57 in. -lhs; based on an induced
tensi le stress of 100 ,000 psi

The pre-load (F 1) induced in the bolts after torquinq t.o
~anr j~acturer s specifications is

F1 = SA t = (loo ,000)(.02) 2,000 lbs (56)

~bere

s induced tensile stress in screw threads . 100 ,000 psi

tensile area of screw thread , .02 in. 2

Tb~ resulta nt tension (F ) on the bolts is aiven by the
express r ln t

L~ r
F h + F~ (~ 7)
t K + K  i

h c

where

K 
b

= s pring constant of the bolt , 9.28 x 10~ lbs/in.

~: c spring constant of clamped members , 2. 48 x 10 6 lbs/ in.

N~ 
applied bolt load , 692 lbs

r brr 1~ preb oad , 2,000 lbs

- -
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Rearranging Equation (45) and substitutina in the appropriate
values , the estimated sprina constant of the bolts (Kb ) is

K = = 
02)(29 l~~~ = 9.28 x 10~ lbs /in. (58)

b L .625

The sprina constant (K~) ~
of the clam ped members is given by

the pressure cone shown in Figure 28b and represents the material
under the bolt head which resists the bolt load (Ref. 11) . Assumin g a
press~re cone half anale of 150, the amount of loa d required to deflec t
the pressure cone one inch (Kb ) is

~~ E d tan
K = 

~~~~
— (59)c 

[D(2h tan~~~+D)+d (2h tan~~~_di]
bn 
[~(2h tan~~~+D)—d(2h tan~~~+d~j

K 
(3 . l4 ) (10.3  x 1o6 ( .196 .268

c r.312(.l67+ .3l2)+ .l96( . l67- .lg6fl
l n fL312( 167

~
312

~-~ 
l96(.l67+ .l96~J

K = 2.48 ~ lO 6lbs/in.

where

o = seat diameter , .312 in.

d = hole d iameter , .196 in.

h = f lan ge thicknes s, .312 in.

= pressure cone angle , 15 degrees
6

E = Youn g ’s modulus for a luminum , 10.3 x 10

-59- 
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Fiaure 28a - Flanqed Joint , Ficiure 28b - assume d pressure
bolt pressure distribution cone for members

Subst itut ina the appropriate values in Equation (57) ,  the
resultant bolt tension is

5
(9.28 x 10 )(692)

F = - — - - — - --- - — -- - - - - =  2,000
t (.928 + 2.48)106

F 2 , 18 l bs te rrs i  on

In the sa me manner , the resultant compression (F ) on the
members is given by

F = k~ + k ~ 
- F~ (60 )

fr om which

(2 .48 x 10
6
) (692) - -

F = - - - - - - - 7 ,000
C (.928 + 2.4R)1o~

and

F — l ,496 lbs cor rp recs ion
c - -

- (
~ 

-

I
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The fact that (F e ) is negative would indicate that the bolt
pre-boad does indeed maintain a compressive load on the connected mem-
bers .

The tensile strength of the clamping screw s (E u) from Equation
(56 ) gi ves

F = S A = 190 ,000 x .02u u t

F = 3,800 lbs
u

The resultant  tensil e b~~d on the bolts from (57) was foun d to
be 2 ,188 lbs . The factor of safety against failure of the bolts is
give n by

F 3800
F.S. = = = 1.74

Ft 2188

5.6 Telescope Structure - Joint Desiqn

Th is section presents the design of the couplin g joint for the
telescope structure and focuses on the fl ancie thickness , cla mpin a ores-
sure and thermal resistance across the interface.

5.6.1 Flange

In the desicin of the flanged couplin ci joints , it is a aeneral
rule to proportion the flange thicknes s approximatel y 1.5 to 1.75
t imes the c lam pi n a screw ’ s diameter. In this app lication ,where cood
thermal conduct i on across the inter face i s requ i red , tile nenera l rule
theory was deviated from to enhance the riaidity of the flanae and
the flan ge thickness was made 2.5 times the screw ’ s body diameter.
From th is , the th ickness (t) of the flange is estimated to be

t = 2.5(d) = (2.5)(.l90 ) = .475 in. (61)

where

d = body diame ter of flO-24 unc screw , .190 in . dia.

A th ickness of 1/2 in. was selected for the flanae.

-61-
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5.6.2 Clampin g Pressure

Twenty—four (24 ) hlO-24 unc , 7/8 in. bona unbrako cap screws
are used for clamping the joint . From Ref . 10 , page 14 , for type 304
s ta inles s stee l screws , the mechanical pronerties are

tensile strength , S = 80 ,000 psi

yield strength , S = 40 ,000 psi

seat in g to rque , T = 40 in. -lh s

tensi le strenath , F = 1 ,360 lbs.

From figure 22c , page 45 , the aoplied static moment of the
joint at the interface was determined t he 195 in. -lh s. For a 100 g
loadin g and using Equation (49), the momerr ° imposed on the joint is

M = ( l 95 ) ( lOO ) = 19 ,500 in. - lbs

The ma ximum load on a single screw (Fb ) can he calculated by
usin g Equation (53) from which

r 19 ,500 1
Fb 

- - - -- - — -- —
~~~~

-— - 0.25 = 365 lbs.

L (3 . l 4 ) ( 4 .25 )  J
The pre— boad (F1) induced in the screws after torquinci to manu-

facturing specifications is given by Equation (56) from which

F
1 (60,000)(.0l7) = 1 ,020 lbs

where the maximum pre-boad stress (S), based on 75 oercent oF the ten- 2
s u e  strength (Su), is 60 ,000 psi and the tensile area (A t ) is 0.017 in

The spring constant of the screws is given by Equation (58)
from which

6
(.0l7)(29 x 10 ) 6K = - - - - - -— --- - - — — - - --- — - ---- = 0.56 x 10 lbs/in.b .875

-6?--
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The spring constant of the clam ped members for an assume d
pressure ang le of 10° is gi ven by Equation (59) from which

6
(3.l4)(lO.3 x 10 )(.l96)(.176)

K =c 
f.3l2(.l76+.3l2)+ .l96(.l76- .l96)

in I
L.3l2(.l76+.3l2)_ .l96(.176÷

~~
96)

= 1.78 x lbs/in.

The resultant tension on a single screw is given by Equation (57)
from which

(.56)(365)10
6

F
t 

= ____________ = 1.0 20 = 1 ,107 l bs
(.56÷1 .78)106

The factor of safety of the screws agains t failure is

1360
F.S. = — = 1.23

-

‘ 
1107

The compression on the clamped members per screw is given by
Equation (60 ) from w hich

(1. 78) ( 365) 106
F = ______________ - 1020 = -7~2 lbs
c (.56+1 .78)106

Assumin g un iform compression loadin g per screw on the clamped
members , the estimated clamping pressure (P ) for the est imated a rea i s

F n (—742)(24)
P = —s--- = __________- = 916 psi (62)

19.44

-63-
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~“ ere

F = compression/screw , —742 lbs

A = co nt ic t  area , 10.44 in. 2
C

n = r ir: °dr er of screws , 24

5. o~.3 Contact Resistance

The therma l resistance across the joint interface depends
upon the surface finish , flatness , temperature and clampin g oressure .
Therma l resistance of interfaces at room temperature as a function
of clamping pressure is given using Curve 2, figure 8, pacie 3-15
of Ref. 12. Two al uminum surfaces machined to a 10 RMS finish and
clamped together with a pressure acros s the surface of 916 psi and
~oused in a vacuum environment is estimated to have a resistance per
un it are a of .l365OK-in 2/watt. For a surface area of lq .44 in~ , the
estimated contact resistance of the joint at a mean temoerature of
316° K is

.l365°K-in 2 1
R = (——- ) ( 

— -—- -------—
~
.,-)  = 7.02 x 10 0K/watt

watt 19.44 in~

which simply thdicates that a temperature diffe rence of 7.02 x l0
3
°K

is required to conduct one watt of power across the interface at the
~-e~n temperature .

Contact resistance increases as teinoerature decreases.
As s uming the contact resistance varies inversely to the temperature ,
it fol lows that

-r

R 0 

~
-: 

R (cc)

t ron w~ I ~ h

(3 16 ) ( 7.02 x io~~)
R = -  0 .37 K0/watt

6°K

-1
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From this , the estimated temperature difference for one (1)
m i l l iwatt of power to flow across the in terface is

~~T = Q R

= (_J~-_--)(.37) = 3. 7 x 10 4
°K (64)

1000

5.7 Forwa rd Radiation Shield - Joint Oesion

Thi s sec ti on l i ke the p revious , presents a tynical joint desian
dnd focuses on the same objectives.

5.7.1 Flancie

Unlike the relationship used in paragraph 5.6.1 , the th i ck-
ness of the fl ange was determined by usin ci the general rule theory
an d prooortioned 1.5 times the screw diameter , in or der that the
flancie to skin thicknes s ratio he kept to about 4. From this , the
th ickness (t) of the flanae is estimated to be

t = 1.5(d)  = l.5(.164 ) = .246 in. (65)

where

d body diamete r of # 8_ 32 unc screw , .164 in. dia.

5 .7 .2  Clamping pressure

Twelve (12) #8_32 unc , 1/2 in. lono unbrako screws are used
for clamping the joint. From Ref. 10, page 14 , for tyoe 304 stain less
s tee l screws , the mechanical oroperties are

tens i le stren g th , Su = 80,000 psi

yield stren oth , S~,, = 40 ,000 psi

seatfnn tot’ciue, I = 29 in. -lhs

tensile strength , Fu = 1120 lbs

From Figure 2 lc Dacie 4 1 the apo lied s ta t ic  moment of the joint
at the i nter face was dete rmi ned to be 51 in. - lbs. For l00c~ loa di na
an d using Equation (49) the moment imposed on the j oint is

M = ( 5l ) ( l O O ) = 5 ,100 in. -lbs

-65-
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The max i mum load on a single screw is

F = 1-- - -~~-~—1 .51 = 168 lbs
b 

~~~~~~
where the bolt circle radius is 4.937 in. and the bolt

fac tor , f is 0.51 which is based on a 12 hole equally spaced bol t pat-
tern . Refer to paragraph 5.5.4, Equation (53).

The screw pre-load due to tightening is

F 1 = (60,000)(.0l4) = 8~0~

The spring constant of the screw is

K = 
( . 0 l 4 ) ( 2 9  x 10

6) 
= .812 x 106 lbs/in.

b

The sprinc i constant of the clamped members for an assumed
p ressure ang le of 300 is

3.2 x 106
1< = —

~~~~~
-—-— = 3.7 lbs/in.

c 1.1508÷ .02
in I

L .l508- .08

where the sea t d i ameter , 0 is .270 in. and the hole di ameter,
d is .173 in.

The resul tant  tens ion on a s in ale screw i s

(.81)(168)106
F = _-____________ + 840 = 870 lbs
t (.81 ÷3.7)106

The factor of safe ty of the scre ws against failure is

1120
F.S. = -— — = 1.29

870

-66-
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The compression on the clam ped members per screw is

(3. 7) ( 168) 106
F = 

6 
- 840 = -702 lbs

-- 
(.81+3.7)10

Makin g the same assumptions as in paragraph 5.6.2 and using
Equation (62) the pressure (P)  in the interface is

(702)(l2)
P = —  5lO psi

16 .52

where the contact area (Ac) was dete rmined to he 16.52 in. 2

5.7.3 Contact Resistance

From Ref. 12 , page 3-15 , using cu rve 2 in fiaure 8, the
thermal resistance of two aluminum surfaces machined to a 32 RMS
f i n i s h , clam ped together with a pressure of 510 osi and housed in a
vacuum environment is estimated to be 0.556°K-in 2/watt. For a sur-
face area of 16.52 in.2 , the estimated contact resistance of the
joint at a mean temperature of 3l6°K is

.556~K- in
2 1

R =  ( —)(- -------—- —)

watt 16.52 in2

R = 3.4 x l0 2
~K/watt

The temperature in the interface of the radiation shi eld and
support ring is predicted to be 70°K. From Equation (63) the contact
res i s tance in the interface is

R700K 
= 

(316 3.4 x l0 2) 
= 0.l530K/watt

As in para graph 5.6.3, Equation (64), the estimated temperature
di fference for one (1) milliwatt of power to fl ow across the i n terface
is

= (~~~~)(.l53) = 1.53 x 10~~°K1000
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5.8 Insulating Trunnion Support

The estimated heat leak of the insulating support discussed in
paragraph 3.7 is determined here , which concludes the presentation of the
mechanical des ign material. The calcu lations that fol low are based on
the assumption that the cool -down temperature of the radiation shield
will stabilize at l40°R (77°K).

5.8. 1 Thermal Contraction of the Support

The wire cable of the insulating support assembly shown in
figure 29 , bridging the outer vessel to the fo rward radiation shield ,
is 1/ 16 in. dia. by 1.9 1 in. long and made of 304 stain less steel
stranded wire (7 by 7). The wire cable undergoes a chanoe in length
(A L) during cool-down in a direction which tends to shorten the cable ’ s
len gth. The change in length requires a rather comp lex anal ysis
because of a therma l gradient condition existin a in the supoort.

Figure 29 - nsu latinq Support

The unit thermal contraction (~~L/ L) of the wire cable for a
thermal gradient condition , whi le one end of the cable is cooled to
140°R (77°K) and the other end is maintained at 5400R ( 300°K )  is given
by the ex p ression

~~ 

Th
et (T) K t dT

L 
— 

T~ (Ref 4 , pane 467) (66 )

L 
- 

Kt ( T h T
~
) 

-
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The inte gration of Equation (66) is carried out
nu merically. By usin g the traoezoidal rule for numerical inte-
gra ti on and the p ro perty va l ues for 304 sta inless  steel from
Tables 7-6 and 7-7 (Ref.4, pane 470), Table 3 is constructed .

T( °R) et et (T) K
T KTe~

(T)  Kiet (T)
~~

T

l0~~ l0~~ Btu/hr-ft-°F 
- 

l0~~ Btu/hr-ft

540 304 0 8.96 0 0

500 269 35 8.67 3.03 .0606

450 225 79 8.28 6.Y .2392

400 183 121 7.85 9.50 .4010

350 144 160 7.41 ll .8d .5340

300 106 198 6.93 13.72 .6395

250 72 232 6.43 14.92 .7160

200 41 263 5.85 15.38 .7575

150 17 287 4.93 14 .15 .7382

140 13 291 4.70 13.68 .1392

Table 3 -- Therma l Conductivity Intearals

Summin g the values in the final col umn of Table 3, the
value of the integra l in the numerator of Equation (66 ) is

540° R

f 

e
~

( T ) K
T

dT = 4 .186 Btu/hr- ft (67)

l40°R

From Appendix A—2 , the mean therma l conductivi t y (k T )
for 304 stainless steel between 1 40°R and 540°R is 7.2(W Btu/hr-ft2—~R.
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The thermal conductiv ity integral , the product of the
mean conductivity and temperature ranae difference is given by

540°R

f 
k~dT = k

T
(T

h~
T
c
) (68)

l4fl°R

from which

540°

f 
k
T
dT = 7.206(540-140) = 2 ,282

140°

Subst itutin g the values found usin a Equat ions (67)
and (68) in Equation (66), the unit thermal contraction for the cable

L 4.225
____ = 0.0015 in./in.

L 2,882

Rearranging the terms in Equation (66 ), the total thermal
cont rac t ion  (AL) of the cable is

A L  = (l.9l)(.0015) = 0.003 in.

5.8.2 Wire Rope Tension

Several Bel ievi l le spring washers are used in the insulatinq
support to al low the wire rope to contract freely during cool -down.
The contraction of the wi re rope is absorbed by the compression of the
spring washers and in turn , induces a tensile force in it. In the pre-
vious paragraph , it was es ti ma ted that ~he wire rope woul d con tra ct
0.003 inches . The computations for estimating the tension (T) in the
wire rope for a nest of eigh t (8) Bellevi lle sorin ci washers stacked
two (2) in parallel and (4) in series and comp ressed 0.003 in. , is pre-
sen ted as follows .

From the stock lis t for part B0625-022 (Re f.2), the

~pproxim ate cone height is 0.042 in. and the calculated load (P) at f lat
posit ion is 105 lbs.

-70-

_ _ _ _ _ _ _ _ _ _ _ _ _ _



In a ser ies arrancement th e total def lec t ion  (5) i s
given by the formula t

6 (n s)(5) (69)

where (ns) is the the number of washers in series and(5) the deflection of a single washer . Substitutin g the contraction
of the wire rope for the total deflection in Equation (69) and the
num ber of ser ies washers , then rearranoina terms in the eQuation , the
deflection of a single sprina washer or ~ stack of ciar allel washers is

.003
= -——-- = 0.00075 in. (70)

n5 4

The amoun t of dish (h) in the scirin ci washer is

h = H - t = .042 - .022 = .02 in. (71)

where

H = cone heiqht , .042 in.

t = stock thi cknes s , .022 in.

The percent deflection (0) is

5 .00075
0 = -— (100) = ——— — -- x 100 = 3.75°’ (72)

h .02

Using the h = t curve in figure 2 of Ref. 2 because the
ratio

h .020
(73

t 
- 

.022

The es ti mated load at 3.75 defl ection is anproximatel y
5 of the load at fl at position. The tension (T) in the wire rope is
then foun d by the formula

T = .05(n )(n )(P) (74)
5 p
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from which

I = .05(4)(2)(l05) = 42 lbs.

where

= number of was he rs i n series , 4

n2 
= number of washers i n pa rallel , 2

P = load at flat position , 105 lbs.

5.8 .3 Heat Leak

The following is a presentation of the method that was used
in estimatinq the heat leak (Q) throuah the insulati na supports for a
temperature range of 300° K to 77° K. The heat leak is a function of
the conductances of the Belleville washers and wire rope , designated
by U1 and U2 respectively and the temperature difference across them .
Formulated the heat flow equation is

0 = (U
1 

+ u
2
)(AT) (75)

A therma l mode l of the insulating support is shown in figure 30. The
Bellevi lle washers are illustrated by a series of parall el lines and the
wi re rope by a slender rod.

T = 77°K T = 300°Kc h

Ul 111111 1 U2

T(°K)

Fi gure 30 - Insulating Support Model



The e leot rj c a l  diagram shown in fiqure 31 is equivale nt to
the thermal  mo del in w hich the Bel l ev i l l e  was hers an d w i re ro pe are now
represented by their therma l resi stances , R1 and R2.

i T
C R 1 R2

A
~~ W

Figure 31 — Equi valent electri cal series diagram

The thermal resistances shown in the series circuit diagram are given by
the reciprocal of their conductan ces

1 1
R = —~~~— = R  + f ~ (6)

U U 1 2
1 2

kearranain a the equation for U 1 an d U2 in terms of R 1 and R7 and substi-
tuting in Equation (75), the heat flow equation in terms of therma l
resistance i s

AT
O = - ---- -— (77)

R1 
+ R

2

Lisinq reference 13 , Curve E of figure 4, th e heat curren t con-
ducted through forty-nine (49) .0195 in. thick round olates per square
i nch of contac t are a for a temperatur e i nterval o f 2960 K to 760 K is give n
by

.67
2 p

W/in. 5 (——-
~~

-
~~~) (7~)750~

where

p = Contact pressure , psi
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The contact pressure (p) between plates is n~ven by the
expression

T
p = - — - (7 9)

where T = 42 lbs . the tension in the wire rcne estimated in 5.8.2 and
the approximate contact area (A s) of the plates is ciiven by

1T(D
2-d 2)

A
~ 

= - --- --——-—- - (80)
4

from whi ch

2 2
3.14(.625 - .317 ) 2A = — - - - — - ----- - - - = .228 in.

where -:

O = outside diameter of washer , .625 in.
d = inside diameter of washer , .317 in.

Substituting the contact area and tension in Equation (79), the approxi-
mate con tac t p ressu re between washer s i s

42
p = ~~ 200 psi

.228

and substituting the pressure (p) in Equation (78)

2 200~ 2W/in. 5( - - - - — - ) 2.06 W/ in.
75CY 67

Now . the heat conducted through eight (8 ) Bel lev i l le  washe rn between t $ rr
t - -erature of 296~ K and 76° K is

2
W/in. (A~ )(49)0 = (81 )

8 n
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fro m which —

(2 .06 ) (.  228) (49
Q = _______________ = 2.88 watts

8 8

where

n = num ber of Bellev i l l e  washers , S 
—

Rearrang ing the terms in Equation (77) and then substituting
in the appropriate values , the thermal resistance (R8) of eight parallel
Bellev i l l e  washers , between 300°K - 77°K is

AT (300-77)
R
8 

= — = — —--—-- ----- 77.40K/watt (82)
2.88

It is assumed that the intermediate temoerature (I) at the junction of the
washers and wire rope is 82° K. The heat conduction ratio 01 /02 for
solid members of the same material and di mens i ons between two ~temperature
intervals (300°K-82°K and 82°K-77°K) is given by

K1 (T h
_T)

Q /Q = — — — -—--— (83)
1 2 K2 (T _ T c )

from which

.319(300-82)
0/0 = —- - - - - - - - - -- - -= 66
1 2 .21o(82-7fl

Therefore , the heat conduction at the l ower temperature interval
(82° K-7 7° K) is expressed by

0
0 1 (84)
2 66

_____

_ _  

_



- -

Repeating the calculat ion s , the conduction (p2 ) in terms
of (Q 1 ) for several lower temperature rannes is expressed as follows

300°K-87°K & 870K-77°K, 
~ 

= (85)
2 32

Q
300°K-92°K & 920K- 77°K, 0 = (86)

2 21

0
300°K-97° K & 97°K-77 °K , Q = -~-i- (87)

2 15

where

K & K = mean thermal conductivity of 304 stainles s steel.
1 2 The ir values  are taken from th e tables i n

Appendix A-2 .

Now , assuming that the conduction ratios of the Bell eville
washers and sol id member are the same , then , from Equations (84 )
through (87 ) the heat (02 ) cond ucted through the Belleville washers
for several tempera ture i ntervals ar e

letting 
~l 

= 

~8 
= 2.88 watts

82°K-77 °K, Q = .044 watts

87°K-77 °K , 
~2 

= .090 watts

92°K-77°K , 
~? 

= .140 watts

97 °K-77 °K , 
~2 

= .190 watts

Q average = .116 watts
2

Usinq Fqu ation (82) and the appropriate values , the t hrr?-I1
res is tance (R 1) of the Be l levi l le  washers for t v p i c i l  t - i nv~~itur-
in~ -~rvals am as fo11o~s
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82°K-77°K , R
1 

= l l4 0K/watt

87°K- 77°K , R
1 

= l l l °K/watt

92 °K- 77°K , R
1 

= l07 °K/watt

97°K-77°K, R
1 

= 105°K/watt

The aver age res i stance R1 
= l090K/watt

Rearrangin g the terms a ga in in Equation (77) and substitut-
ing in the average values of heat fl ow (Q2 ) and resistance R1, the
temperature drop (AT) across the Bellevi lle washers is

AT = (R 1
) ( Q

2) = (109)(.116) = l3°K (88)

and from

AT = (T-77) (89)

The intermediate temperature (T) is qiven by

I = (77 + An (90)

from which

T = (77 + 13) = 90°K

The resistance (R ) of the wire rope is given by the
formu l a 2

L
R = (91)
2 K A

2 2

where

L = length of wire rope , 1.91 in.

K = ther m al conduct iv i ty of 304 sta in1~ ss stee l from table
A -2 between 300°K -90°K , .322 W/ in . ” -°K
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and the area (A2 ) of the 7x7 wire cable is

A = 49(—__-__
) (92)

2 4

from which

r(3.l4)(.oo7)
2 1

A
2 

= 49 L~~4 j = .001886 in.
2

where

O = diameter of a s in g le w i re , .007 in.

Subst itutin g the appropr iate values in Equation (91), the
resistance (R2

) of the wire cable is

1.91
R = ________ 

= 3,145 0K/watt
2 (.322)(.001886)

Usin g Equation (77), the estimated heat leak through the
insulating supports is

1(300-77) 1
Q = 41 I = 0.274 wa tts

L’ ,l45J
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APPENDIX A

MEAN THERMAL CONDUCTIVITY

Mean therma l conductivities of four (4) common materials used
in the model sensor are presented on the followin o pages in tabulated
form . These conductivi ties were computed f rom ora phical data referred to
on this page .

Description Refe rence Page

1. Mean Thermal Conductivity 1’~ 3.232
Al uminum (606 1—T6 )

2. Mean Thermal Conductivity 15 489
Stainless Steel (304)

3. Mean Thermal Conducti vi ty 15 a~l9Fi berg lass , through thickness
(in a vacuum)

4. Mean Therma l Conductivity 15 419
fi berglass , norma l to thicknes s
(in a vacuum )
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